A field-calibrated computer model was used to study the interaction of nitrogen (N) and water management for corn (Zea mays L.) production on sandy soils in the central Platte Valley of Nebraska. Most irrigation in this area is with pumped groundwater which at many locations contains from 10 to 30 ppm (or more) of nitrate nitrogen (NO 3~-N). Simulation results were used to estimate the effects of irrigation management, N management, and the NO, -N concentration of the irrigation water upon N uptake by corn, the uptake efficiency of groundwater and fertilizer N, and the potential for pollution of groundwater with NO 3~-N. Nitrogen uptake was also partitioned according to N source (groundwater N, applied fertilizer N, and residual plus mineralized N).
G
ROUNDWATER is the primary source of irrigation water in the Platte River Valley in central and eastern Nebraska. Currently, there are over 11,000 irrigation wells in the valley with the majority of these having pumping lifts <18 m. During the last 30 years increasing concentrations of nitrate nitrogen (NO 3 "~-N) have been found in groundwater in various parts of the valley (Spalding et al., 1978) . Concentration may go above 40 ppm of NO 3~-N in a few locations, with many wells having 10 to 30 ppm. At present ' Contribution from the Nebraska Agric. Exp. Stn., in cooperation with the USDA-ARS. Published with the approval of the Director as Paper no. 6746 Journal Series, Nebraska Agric. Exp. Stn. Received 29 Dec. 1981 . Approved 22 Apr. 1982 . 2 Research Associate, and Professor, Agricultural Engineering Dep.; Soil Scientist, USDA-ARS; Associate Professor, Agronomy Dep.; and Assistant Professor, Agricultural Engineering Dep., respectively, University of Nebraska, Lincoln, NE 68583. some small municipalities are faced with the prospect of abandoning their domestic wells because concentrations exceed U.S. Public Health Service maximum standards of 10 ppm.
A sizable portion of the accumulation of NO 3~-N in the groundwater appears to be the result of N loss from irrigated corn (Zea mays L.) fields. The problem is generally most severe in areas where furrow irrigation is practiced on loamy sands or sandy loam soils but also occurs on finer-textured soils. There is growing pressure on farmers to modify management practices to reduce the NO 3~-N leaching losses from agricultural lands.
Producers are now faced with the question of how best to alter traditional management to minimize nitrogen (N) leaching losses while maintaining profitable yields. Interim guidelines have been established to aid producers in the decision making process. However, much remains unknown about the interaction of irrigation and N management practices in situations where increasing amounts of N are available in the irrigation water.
To supplement ongoing field research in this problem area, we have used a field-calibrated computer model to estimate what the N uptake, leaching loss, and uptake efficiencies of fertilizer and groundwater N sources might be for a range of nitrogen-water management practices and groundwater NO 3~-N concentrations. The utility of the model study is threefold: (i) it provides a better understanding of the contribution of the various N sources to uptake and leaching losses as management and groundwater NO 3~-N concentrations change; (ii) it helps clarify how management can be best modified to minimize environmental impact; and (iii) it projects management practice effect on N uptake which may affect yield. The results of simulation studies must be viewed in a relative sense, recognizing that they are subject to all of the errors and approximations inherent in attempts to model complex systems.
PROCEDURE
The model used in this study is that of Watts and Hanks (1978) . It describes the net changes of N in the root system of irrigated corn on sandy soil due to transformations, movement, and plant uptake for different water management practices. The model was modified to include NO 3~-N contained in the groundwater as a N source, to simulate water and solute flow in layered soils, to simulate the application of anhydrous amonia (NH 3 ), and to use growing degree days rather than calendar days as a time base for several physical-biological processes (Martin, 1979) .
The simulation model is site specific in that it requires soil-moisture release data, hydraulic conductivity data, initial N distribution within the soil profile, and several other soil-specific constants to simulate N uptake and leaching. Field experiments were conducted at two sites near the towns of Clarks and Bellwood in the summer of 1978 to provide calibration and verification data for the model.
At the Clarks site the soil is a Fonner sandy loam (a sandy, mixed, mesic Cumulic Haplustoll) while at the Bellwood site the soil is a Meadin sandy loam (a sandy-skeletal, mixed, mesic Entic Haplustoll). Both soils are very compact with bulk densities >1.65 g/cm 3 throughout the profile (Martin, 1979) . Root penetration is generally restricted to the upper 90 cm of the soil profile. The water table at the sites varies from 1 to 7 m.
An economically maximum corn yield for this region is approximately 1 10 quintal/ha. This requires about 190 kg/ha of N uptake in above-ground plant parts (Frank and Eisenhauer, 1979) .
The average rainfall of 50 cm during the April through October growing season is insufficient and inadequately distributed for maximum crop production. Accordingly, the area is intensely irrigated by furrows or center-pivot sprinklers. Average net irrigation requirements are approximately 30 cm per year.
Irrigation amounts were simulated for irrigation replacement fractions (IRF) ranging from 1 to 4, on a frequency of 4 d. A 4-to 5-d frequency is standard practice on sandy soils in this area. An IRF of 1 represents a net application exactly equal to the difference between evapotranspiration (ET) and effective precipitation since the previous irrigation (i.e., refilling the soil profile). An IRF of 2 represents twice the necessary net application, etc.
The high infiltration rate on the sandy soils in the area limits the minimum depth of irrigation possible with surface irrigation. Cumulative infiltration, as measured with a furrow advance-volume balance technique, was 11.6 cm after 4 h of irrigation at the Clarks site. Using surface irrigation, it appears that the minimum replacement fraction which can be achieved on these soils is about 3. Smaller values of IRF would require sprinkler irrigation. The irrigation amounts discussed in this paper represent a depth applied at a point. The water applied with surface irrigation on sandy soils is often poorly distributed. Consequences of the distribution should be kept in mind in viewing the analyses in the remainder of the paper.
Results reported here represent a series of simulations utilizing weather data from Grand Island, Nebr., for 1975. This was a year with nearly average monthly rainfall amounts in the May through September growing season. Total precipitation for the period was 33 cm, approximately 30 cm less than the seasonal crop water requirements. The irrigation season normally begins in late June or early July when the crop is in the late vegetative stage.
Four fertilizer rates were simulated in the study: 0, 45, 135, and 225 kg/ha of fertilizer N. For all rates, the first 45 kg/ha was assumed to be liquid urea-ammonium nitrate (UAN) applied as an herbicide carrier at the 1 May planting date. Any remaining amount was simulated as a single sidedress treatment of NH 3 applied approximately 1 month after planting. The early UAN application represents standard practice in the area.
We assumed that 70 kg/ha of N are mineralized from organic N forms during the growing season. Our model was adjusted to provide this amount from planting to the end of the rapid uptake period. This value is consistent with estimates from field studies in the area. In addition, we assumed initial root zone mineral N contents of 45 and 80 kg/ha of NO 3~-N and ammonium, respectively. These values are typical of our field measurements.
Uptake efficiency for fertilizer N was defined as the ratio of the difference in uptake between a fertilized and unfertilized plot to the amount of N applied as a fertilizer. Uptake efficiency was calculated as indicated from the following expression: N f = nitrogen fertilizer application rate, kg/ha of N; and C = nitrate-nitrogen concentration of the irrigation water, ppm NO 3~-N. A similar term, called groundwater-N uptake efficiency, was defined to express the increase in N uptake due to addition of groundwater N:
where Eg»(Nf, C) = the groundwater N uptake efficiency, [2], fertilizer and groundwater uptake efficiencies were calculated from simulated results for various irrigation amounts, fertilizer N rates, and groundwater NO 3~-N concentrations.
Simulations were made to verify the layered soil-water flow model using measured soil-water profiles and percolation quantities from an in-situ soil-moisture hydraulic property study at the Bellwood site. Measured soil-moisture contents immediately after wetting the plot were used for the initial soil-moisture profile in this drainage simulation. Percolation and redistribution of water was calculated for a 4-week period. Comparison of modeled vs. measured soilmoisture profiles, 36 h after wetting the plot, is shown in Average cumulative percolation as measured with six vacuum extractors (Mielke et al., 1979 ) was compared to the modeled percolation (Fig. 2) for the center-pivot-irrigated field at the Bellwood site for the summer of 1978. Modeled percolation tracked actual percolation well during the season and was always within the range of measurement of the six extractors.
Simulating N uptake with the model requires definition of the potential N uptake amount and the beginning and ending times of uptake. These values were determined through calibration of the N model to measured aboveground N uptake on nonfertilized furrow-irrigated plots at the Clarks site, where the average groundwater NO 3~-N concentration in 1978 was 26 ppm NO 3~-N. Values of 250 kg/ha of N for potential above-ground uptake and 1,450 growing degree d (30/10°C method) for complete N uptake were used.
Using these values, verification runs were made to corn- pare computed and actual uptake for plots at Clarks that were sidedressed with NH 3 . The results (Fig. 3) indicate that modeled uptake is reasonably accurate when compared to the measured uptake for these plots. These plots received nearly four times the irrigation needed for crop use but still produced yields of approximately 110 quintal/ha. This indicates that maximum crop yields are achievable with excess irrigation when the irrigation water contains 26 ppm of NO 3 --N.
RESULTS AND DISCUSSION Simulated irrigation and deep percolation amounts at the Clarks site for various irrigation replacement fractions are presented in Table 1 . Results show that percolation was inevitable on these soils, even with deficit irrigation (IRF = 0.75). Approximately 70% (8 cm) of the percolation loss for careful irrigation management (IRF = 1) occurred prior to the irrigation season. These results suggest the possibility of leaching residual and early applied N even with excellent irrigation management. This potential has been substantiated in the area by Linderman et al. (1976) and Watts and Martin (1981). Simulation results indicate that N uptake was strongly affected by the amount of irrigation water applied, the NO^~-N concentration of the water, and the quantity of fertilizer N applied. For 10 ppm NO^-N water, careful irrigation (IRF = 1) resulted in more N uptake than excess irrigation (Fig. 4A) . To attain the 190 kg/ ha of N uptake needed for reasonable yields, at least 110 kg/ha of fertilizer N in conjunction with careful irrigation management was necessary. Critical uptake was not achieved for 10 ppm water with excess irrigation (IRF > 1) regardless of the amount of fertilizer applied.
When the NOJ-N concentration of the irrigation water was increased to 25 ppm NOf-N, N uptake exceeded the critical value for all amounts of irrigation simulated (Fig. 4B) . For the 25 ppm NO 3~-N water very excessive irrigation (IRF = 3 to 4) was preferable because no N fertilizer was needed. Careful irrigation required an additional 64 kg/ha of N to meet the 190-kg/ha uptake threshold. Applying twice the crop water requirements (IRF = 2) with 25 ppm water required nearly 150 kg/ha of fertilizer N to produce acceptable yields.
The effect of groundwater NOf-N concentration is evident in Fig. 4 when the same IRF curves are compared for the 10 and 25 ppm NO 3~-N water. The change in concentration resulted in a nearly constant increase of N uptake over the range of fertilizer applications simulated. Uptake increases averaged 70, 75, and 83 kg/ha for replacement fractions of 2, 3, and 4 when using 25 ppm water instead of 10 ppm. With careful irrigation management (IRF = 1) the difference in N uptake for the 10 and 25 ppm water was less than for excess irrigation. The difference also decreased for IRF = 1 as the amount of fertilizer N applied increased. These results indicate that the consideration of both fertilizer and groundwater N is more important with careful irrigation than for excessive irrigation. Fertilizer N uptake efficiencies were calculated using simulation results for the 10 and 25 ppm NOf-N water ( Fig. 5A and 5B). The amount of irrigation water applied had a very significant effect upon uptake efficiencies. For IRF = 1, the uptake efficiency was >0.5 for both concentrations regardless of the amount of fertilizer applied. For IRF = 3 or 4, the maximum fertilizer uptake efficiency for either groundwater NO 3~-N concentration and all fertilizer rates was never >0.25.
The NOf-N concentration in the irrigation water had a much smaller effect upon the fertilizer uptake efficiency than the amount of irrigation. The uptake efficiency of fertilizer N was slightly higher at 10 than at 25 ppm.
The influence of the amount • of fertilizer applied upon the fertilizer uptake efficiency was also small compared to the effect of irrigation. The maximum simulated effect due to different fertilizer rates caused a change in the uptake efficiency of <0.25 for IRF = 1, with 25 ppm NO 3~-N water.
The groundwater-N uptake efficiency represents the percentage of the applied groundwater N taken up by the plant. To determine the efficiency, simulations of N uptake were made for NO 3~-N concentrations of 0, 10, 25, and 45 ppm NOf-N.for four irrigation levels and fertilizer rates of 45 and 135 kg/ha of N. The zeroppm results were used as a reference uptake at each irrigation and fertilizer level. Resulting groundwater-N uptake efficiencies for the low (45 kg/ha) and medium (135 kg/ha) fertilizer rates are shown in Fig. 6A and 6B, respectively.
The groundwater-N uptake efficiency was higher for the low fertilizer rate than for the medium rate. For the low fertilizer rate, the uptake efficiency generally decreased as the amount of irrigation increased. With the medium fertilizer rate, an IRF of 2 gave higher groundwater-N uptake efficiencies than either careful irrigation (IRF = 1) or more excessive water application (IRF = 3 or 4). When IRF = 1, fertilizerapplied N made up a larger share of the total uptake than for higher IRFs. When more water was applied, more fertilizer N leached and the uptake from groundwater N increased. With very excessive irrigation more groundwater N was applied than could be used and the efficiency again declined.
Groundwater-N uptake efficiency decreased as the NOf-N concentration of the groundwater increased, except for the case of the low fertilizer rate and IRF = 1. The reduced efficiency occurred because the uptake potential of the corn crop (250 kg/ha) of N was nearly reached, so during part of the growing season the uptake deficit was small and excess groundwater N due to over-irrigation passed through the soil profile.
The groundwater-N uptake efficiencies and the fertilizer uptake efficiencies were nearly the same for careful irrigation. With excess irrigation, the uptake efficiencies for groundwater N exceeded those for fertilizer N. Groundwater-N uptake efficiencies were more constant than the fertilizer-N uptake efficiency. The primary reason for this difference was that the groundwater-supplied N in the root zone was replenished by excess irrigation, whereas fertilizer-supplied N was not. Excess irrigation leached fertilizersupplied N which caused N uptake to decline, thus a lower uptake efficiency resulted.
The contribution of the fertilizer and groundwater N sources to total plant uptake was determined from the N-uptake efficiency values. The amount a given N source contributes to N uptake is the product of the uptake efficiency and the amount of N applied. Computed N uptake was partitioned into contributions from groundwater N and fertilizer-supplied N. The contribution from fertilizer and groundwater N were subtracted from the total N uptake to give the contribution from residual mineral N in the soil and N mineralized during the growing season. The resulting uptake partitioning is shown in Fig. 7 . The fertilizer contribution was largest for low irrigation replacement fractions, large fertilizer applications, and small groundwater NO 3~-N concentrations. The maximum percentage of uptake from fertilizer for these four situations, 48%, occurred for the 10 ppm water and 135 kg/ha of N fertilizer (Fig. 7B) . The fertilizer contribution was <12% for all fertilizer N and groundwater NO 3~-N amounts for an irrigation replacement fraction of 4.0.
For a given groundwater NO 3~-N concentration, the amount of fertilizer applied did not strongly affect the groundwater NO 3 "~-N contribution to uptake. For the 25-ppm concentration, there was a difference of 10 kg/ha in the contribution of N from groundwater, for a difference of 90 kg/ha of fertilizer N ( Fig. 7A and  1C) . This is primarily because the total amount of groundwater N applied was identical for both fertilizer rates while the groundwater-N uptake efficiencies were nearly the same.
We note that the uptake contribution of residual mineral N plus the N mineralized during the growing season (essentially the latter) was relatively insensitive to variations of fertilizer amount, groundwater NO 3~-N concentration, or irrigation management.
The threshold uptake of 190 kg/ha for acceptable yields should be kept in mind when evaluating Fig.  7 . Uptake was adequate in Fig. 7A for all cases; only adequate with careful irrigation management in Fig.  7B ; adequate for excessive irrigation in Fig. 7C ; and never adequate in Fig. 7D .
The model predicts the amount of N leached from the crop root zone during the year. This does not represent the net addition of N to the groundwater system. The latter was estimated as the amount of N leached, minus the groundwater N pumped, plus the buildup of N in the crop root zone. For the site simulated, any increase in mineral N in the root zone during the growing season was assumed to leach prior to the next season. This is supported by previous field work on fine sands in a much drier part of Nebraska than the area we studied (Smika and Watts, 1978) .
Adding more N to the groundwater than is removed through pumping denotes a pollution process. When the N extracted exceeds the N added, the result is called a purification process. Simulated pollution and purification amounts for 10 and 25 ppm NOf-N irrigation water are shown in Fig. 8 .
The pollution/purification process was strongly influenced by the amount of fertilizer applied, the amount of irrigation, and the NO 3~-N concentration of the irrigation water. Pollution occurred for 10 ppm water, regardless of how the system was managed. However, careful irrigation and reduced fertilizer applications minimized the amount of pollution (Fig.  8A ). In the latter case, a minimum N application of 100 kg/ha was needed to provide critical uptake (Fig.  4A ) and resulted in an annual pollution level of 65 kg/ha.
With 25 ppm NO 3~-N irrigation water, purification was possible for fertilizer applications <100 kg/ha of N (Fig. 8B) . When >100 kg/ha of N was applied, careful irrigation minimized pollution. Very excessive irrigation (IRF = 4) was desirable when <100 kg/ha of fertilizer N was applied, because it maximized purification.
CONCLUSIONS
Nitrate in groundwater used for irrigation had a substantial effect upon N uptake by corn. The magnitude of the contribution from groundwater NO 3~-N was primarily influenced by the amount of irrigation water applied and its NO 3~-N concentration and only slightly by the N fertilization rate. Simulated uptake from groundwater NO 3~-N exceeded the uptake from fertilizer N in many cases. The uptake efficiency of N fertilizer decreased rapidly with excess irrigation while the NOf-N concentration of the irrigation water had little effect upon the efficiency.
Our results suggest that it is possible to remove more N from the groundwater through pumping than is added via leaching as long as the NO 3~-N concentration of the groundwater is high and fertilizer rates are low. This purification process was enhanced through excess irrigation. Nitrogen uptake in these cases remained at a level adequate for maximum economic yields in the area studied. Although these results are for a specific site, they indicate that consideration of all N sources and relevant irrigation practices are important in N fertilizer management.
